T lymphocytes are critical mediators of the adaptive immune system and they can be harnessed as therapeutic agents against pathogens and in cancer immunotherapy. T cells can be isolated and expanded from patients and potentially generated in vitro using clinically relevant systems. An ultimate goal for T-cell immunotherapy is to establish a safe, universal effector cell type capable of transcending allogeneic and histocompatibility barriers. To this end, human pluripotent stem cells offer an advantage in generating a boundless supply of T cells that can be readily genetically engineered. Here, we review emerging T-cell therapeutics, including tumor-infiltrating lymphocytes, chimeric antigen receptors and progenitor T cells (proT cells) as well as feeder cell-free in vitro systems for their generation. Furthermore, we explore their potential for adoption in the clinic and highlight the challenges that must be addressed to increase the therapeutic success of a universal immunotherapy.
Introduction
T cells are important mediators of adaptive immune defense against pathogens and cancer. Their absence, as seen in the case of hereditary or acquired immunodeficiencies, can result in deregulated immune function, a broad spectrum of diseases and increased cancer burden. On the other hand, T cells are also potent mediators of tissue destruction, graft rejection and graft-versus-host disease (GVHD). For example, some autoimmune diseases, such as rheumatoid arthritis or systemic lupus erythematosus, can occur, at least in part, because of altered immune function (1) . A discrepancy in regulatory T cells (T reg cells) can lead to a lack of regulation of autoreactive T cells and result in organ-specific autoreactivity, leading to type 1 diabetes (2, 3) . Therefore, administration of beneficial versus deleterious T-cell subtypes and directing T-cell maturation are important for regulating the activation versus inhibitory balance during normal health and for controlling the composition of therapeutic T-cell products (4, 5) . In this review, we will highlight current T-cell-based therapies for cancer immunotherapy, followed by a deeper examination of the advances and limitations in establishing clinically relevant methods for T-cell generation. Designing effector T cells with custom-designed, highaffinity, high-specificity receptors should be a priority in order to develop effective therapeutic tools specific to eliminating cancer.
Human T-cell development
T cells develop from bone marrow (BM)-derived precursors within the thymus and are distinguished from other immune cell types on the basis of cell surface marker expression and their rearrangement of T-cell receptor (TCR) variable (V), diversity (D) and joining (J) gene segments in the thymus. TCR-bearing T cells undergo positive and negative selection, with the resulting T cells being self-tolerant to tissuerestricted antigens. Most T cells exiting the thymus are naive until encounter with antigen in the periphery, where they undergo expansion and acquire effector or memory functions. Selection events within the thymus as well as antigenpriming events are reliant on TCR engagement with human leukocyte antigen (HLA)-peptide complexes on antigenpresenting cells (APCs), in combination with co-stimulatory receptor engagement by ligands expressed on APCs ( Fig. 1 ) (6, 7) . T cells and the thymic microenvironments required for their development have been reviewed elsewhere in more detail (6) (7) (8) (9) (10) (11) (12) .
T-cell-based adoptive immunotherapy
Adoptive immunotherapy with expanded patient-derived T cells is an effective therapeutic strategy for the recognition and eradication of cancer and infectious diseases. In the context of cancer immunotherapies, these strategies employ either autologous or allogeneic cells, which encompass their own advantages and disadvantages. Allogeneic T cells are an attractive cell source for transplants as they are derived from healthy donors (13, 14) . However, the recipient has a higher risk of GVHD. In contrast, autologous T cells, which are harvested from the transplant recipient (15) , are well tolerated but are often functionally impaired and unable to confer therapeutic graft-versus-leukemia (GVL) or anti-cancer potential.
The first therapeutic use of T cells was during allogeneic hematopoietic stem cell transplantation (HSCT), where healthy whole BM grafts were infused into patients for replacement of leukemic BM. The grafts contained donor T cells, and thus enabled beneficial GVL responses against allogeneic antigens present on leukemic cells. However, these effects were concomitant with detrimental GVHD, given the robust allogeneic response against the cells in the recipient (16) . The identification of human HLA and therefore better HLA matching, followed by the development of immunosuppressive drugs and the addition of lymphodepletion for the prevention of GVHD (17) (18) (19) , paved the way for the successful use of HSCT as a curative modality for hematologic malignancies. Nevertheless, the precise balance between GVL and GVHD, and graft rejection and opportunistic infections due to prolonged immunodeficiency in the host, remain major complications that limit the versatility of HSCT.
Thus, numerous T-cell therapies have since been developed including transfer of autologous cytokine-activated killer cells and tumor-infiltrating lymphocytes (TILs) for patients with melanoma and, to a lesser extent, other solid tumors (20) (21) (22) . Furthermore, genetic engineering of autologous peripheral T cells to express chimeric antigen receptors (CARs) has been gaining momentum for targeting leukemias through the rapid generation of T cells with increased potency and re-targeted specificity against tumor antigens (23) . Introduction of T reg cells, which provide immunosuppressive balance, into CARbased therapies could protect patients from GVHD or the cytokine storm that follows GVL syndromes (24, 25) . Finally, progenitor T cells (proT cells) are developmentally immature cells that can undergo positive and negative selection in the recipient thymus, preventing GVHD while reconstituting the T-cell compartment during periods of immunodeficiency after HSCT (26) .
Tumor-infiltrating lymphocytes
In some cancers, different immune populations, including leukocytes, macrophages, dendritic cells, mast cells and T cells infiltrate the tumor microenvironment to mediate antitumor immunity. TILs are defined as a selected population of T cells with high immunological reactivity against the tumor that they are invading. They can be surgically removed and cultured from different tumor types, such as melanomas (21, 22, 27, 28) , with the goal of in vitro clonal expansion and autologous administration to the patient. Unfortunately, the clinical use of TILs has been limited in its success (29) (30) (31) . For instance, in an earlier clinical trial, 93 melanoma patients were treated with autologous TILs, with only 22% achieving complete remission (29) . Providing insight into these findings, Saito et al. (20) later revealed that TILs are typically composed of terminally differentiated effector cells that possess an exhausted phenotype and therefore are functionally impaired. Furthermore, not all tumor types contain a rich source of TILs, and combination therapy with high-dose IL-2 for expansion of the TIL population resulted in significant toxicity (32, 33) . Nevertheless, TILs have a potential prognostic role in various cancers including melanoma, lung, breast and ovarian cancers, where immunohistochemistry-based analysis of tumor tissues can help to assess the predictive value of TILs in several tumor types. In both melanoma and ovarian cancer, for example, the accumulation of TILs leads to high production of the inflammatory cytokine IFN-γ. This ultimately leads to high expression of the immune checkpoint inhibitor, PD-L1 in the tumor, thus resulting to a more potent immunotherapy response (34) . Similarly, exploiting immune mechanisms could also be achieved by genetically modifying immune cells with specific function towards an intended target, as in the case of CAR T cells.
CAR T cells
CAR T cells are T lymphocytes that are isolated from patients and genetically engineered to express a tumor-specific receptor (Fig. 2) . Rapidly generated tumor-targeted cells overcome the obstacles that impede the induction of effective anti-tumor responses in an individual. The receptor design, which has evolved since its conception, is a chimera of the TCR/CD3 signaling motif from CD3ζ combined with an antigen recognition domain of an immunoglobulin-derived singlechain variable fragment (scFV) (35) . As such, CAR T cells can recognize tumor antigens in an HLA-independent fashion.
One of the benefits of CARs is that recognition of non-protein targets, such as lipids and carbohydrates, can also be achieved. Furthermore, next-generation CARs mediate both antigen recognition and initiate co-stimulation to enhance the potency of T-cell responses and prolong their persistence. CD28 and 4-1BB co-stimulatory domains are among those used to demonstrate drastically improved responses in clinical trials (36) . CD28-CARs build up the potency of T cells, resulting in their rapid activation and proliferation, but they have limited persistence. In contrast, 4-1BB-CARs allow for increased T-cell persistence, despite lower effector responses. Therefore, CARs can differentially activate T cells depending on their composition (35) .
The first target for CAR-based therapies was CD19 on B-cell malignancies (37) . Of note, CD19 is an antigen that is expressed both on cancerous cells and on healthy cells. Initially, targeting of CD19 was expected to induce B-cell aplasia, but there was strong rationale supporting its use, including the fact that B-cell elimination is clinically manageable by infusion of immunoglobulins, plus the removal of B cells would prevent the generation of anti-CAR antibodies (38) . Numerous clinical trials have been completed using CD28-based or 4-1BB-based CARs in patients with multiple B-cell malignancies (39) (40) (41) (42) (43) (44) (45) (46) . The results of these trials were extremely encouraging in both adult and pediatric patients with acute lymphoblastic leukemia (37, 39, 40, 47) and CD19 + lymphomas (48) . A prominent challenge, as highlighted by these studies, is that cytotoxic conditioning (radiation/chemotherapy given before therapy) is both required for and potentially detrimental to the outcome of CAR-based therapies. CD19-targeting CAR T cells are typically administered following conditioning regimens that deplete the patient's endogenous lymphocytes. Over-extensive conditioning can induce neurotoxicities and systemic toxicities including cytokine-release syndrome (37, 38, 49) . Thus far, these toxicities have been managed by administration of corticosteroids and antibodies that block the IL-6 receptor, and adjusting the conditioning intensity and cell-dosing regimens. Another major obstacle in the translation of CAR therapies is that even when tumor antigens are available, the immunosuppressive tumor microenvironment limits the potency of effector cells capable of anti-tumor responses (35) . Enhancements in CAR technology could be made to regulate specificity and off-target effects and modulate the cancer microenvironment. To this end, combinatorial antigen recognition (50) and synthetic receptors capable of driving custom outputs (51) can be employed, allowing for tumor-localized delivery of therapeutic payloads and induction of effector responses to overcome tumor-associated immunosuppression. Alternately, other groups have established strategies using drug-loaded lipid nanoparticles that are conjugated to the surface of pathogen-specific CD8 + cytotoxic T lymphocytes to enable drug release on target antigen recognition (52) . It is conceivable that current CARs combined with the potential for T-cell engineering will likely advance T-cell-based therapies in the near future.
ProT-cell therapy
The use of mature T cells can lead to GVHD, underscoring the importance of utilizing a safe and easily accessible cell type for transplant. Human proT cells may become attractive candidates for adoptive T-cell therapies as they robustly home to, and settle and mature within, the thymus of immunodeficient recipient mice (53) (54) (55) . ProT cells are immature T-cell precursors, which undergo positive and negative selection in the host thymus. Thus, they become restricted to the recipient's major histocompatibility complex (MHC) yielding host tolerant T lymphocytes that bypass the clinical challenges associated with GVHD.
Several groups have identified the ability of proT cells to overcome the paucity of T-cell reconstitution that is seen after HSCT. Lethally irradiated immunodeficient mice injected with hematopoietic stem cells (HSCs) alone showed high levels of engraftment within the BM, but lacked thymus engraftment for up to 8 weeks post-transplant (54) . When proT cells were coinjected with HSCs into irradiated hosts, mice receiving both HSCs and proT cells had a proT-cell-derived population within the thymus, but also a phenotypically distinct HSC-derived population as early as 3 weeks post-transplant. Therefore, proT cells facilitated HSC-derived thymic engraftment.
To further investigate the mechanism underlying these effects, Awong et al. (54) demonstrated that proT-cell entry into the thymus induced changes in the thymic architecture, including cortical and medullary epithelial restructuring, and enhanced expression of chemokine genes such as Ccl21, Ccl19 and Ccl25, which are critical for the recruitment of BM-derived thymus-seeding progenitors and for directing migration of developing progenitors throughout the thymus. Furthermore, cell surface expression of RANKL was identified on proT cells, which, in the context of mouse thymus organogenesis, is a known critical player in thymic epithelial cell differentiation (56) . Therefore, the interactions between RANKL expressed on proT cells and RANK present on the thymic epithelial cells likely contributed to the recovery of the host thymus, thereby facilitating the recruitment of thymusseeding progenitors from the BM.
ProT cells provide many possibilities for clinical application, including the potential to generate tumor-targeting T cells. Zakrzewski et al. (57) demonstrated that mouse proT cells could be modified to express transgenic CARs. CARs were only expressed after proT cells matured within the thymus and egressed into the periphery of mice. Importantly, the mice remained GVHD-free and CAR-bearing T cells were able to reduce the tumor load in an HLAindependent fashion within an allogeneic mouse model. Thus, CAR-proT cells provide an opportunity to immediately restore T-cell immunity in patients afflicted with cancer, while simultaneously providing tumor antigen-specific effector responses without a potential for GVHD.
Arguably, the greatest advantage of using proT cells is that histocompatibility needs are flexible between donors and recipients. As a proof of principle, this therapy was successful in mice with fully MHC-mismatched cells at an equal efficiency to autologous cells (57) . Bearing in mind that clinically relevant strategies are being developed for proT-cell production, it would be encouraging to test the translation of proTcell-based therapies in the clinic in the near future.
In vitro feeder cell-free systems for T-cell production
The generation of large numbers of mature T cells from HSCs to restore the immune system in lymphopenic and cancerafflicted patients has been difficult to achieve both in vitro and in vivo (7) . Conventional in vitro approaches make use of a mouse-derived OP9 stromal cell line that ectopically expresses the Notch ligand Delta-like-1 (Dll1; OP9-DL1) or Delta-like-4 (Dll4; OP9-DL4) (Fig. 3A) (58, 59) . The accessibility and flexibility of this system has provided a revolutionary tool for studying human T-cell developmental processes and producing large numbers of cells, which is often a limiting factor in most systems. However, the generation of mature T cells in this system is not efficient, and serum-containing medium and xenogeneic stromal cells limit its use for translation to the clinic. Based on the understanding of the instrumental role of Notch signaling for inducing T-cell differentiation from HSCs (60), the development of feeder-free and serum-free culture systems has created an exciting prospect for immediate translational impact.
T-cell differentiation using plate-immobilized Notch ligands
Co-cultures of hematopoietic precursor cells with engineered fusion proteins containing Notch ligands demonstrate an increase in proT cells (61, 62) . The success of this approach was reliant on the immobilization of Notch ligands on the plate surface, as presentation of soluble Notch ligands using nanoparticles failed to activate Notch and could inhibit the effects of immobilized ligands (63) . Varnum-Finney et al. (63) immobilized the Notch ligand Delta1ext-IgG, which is a fusion between the extracellular domain of DL1 and the Fc domain of human immunoglobulin G1, and showed an increase in the number of mouse proT cells that could be obtained. Interestingly, these proT cells were capable of both short-and long-term reconstitution in immunodeficient mice.
In a similar approach, Ikawa et al. (64) used DL4-Fc immobilized on plastic plates, successfully differentiating mouse HSCs to double-positive cells. Furthermore, this study revealed the importance of exogenous factors including cytokine administration for targeting transcriptional control points at different stages of T-cell development. Gehre et al. (65) demonstrated that in vitro-derived mouse proT cells from DL4-Fc-coated plates could engraft mice upon adoptive transfer. In a mouse model of allogeneic HSCT, these cells had the capacity to accelerate T-cell reconstitution after transplantation (66) .
The field has also made significant progress towards understanding human T-cell development using immobilized Notch ligands (Fig. 3B) . Cord blood-derived CD34 + HSCs that were cultured in the presence of immobilized DL1 and cytokines resulted in the development of a CD34 + CD7
+ proT-cell population, which was capable of maturation into CD3 + T cells in the thymus of immunodeficient mice (67) . Furthermore, Reimann et al. developed an ex vivo culture approach that utilizes immobilized human DL4-Fc to produce proT cells from umbilical cord blood (UCB) and mobilized peripheral blood-derived CD34 + cells, which were capable of accelerating T-cell reconstitution in immunodeficient mice, compared to injection of HSCs alone (54, 55, 68) . Their studies showed production of early thymic progenitors including proT1 cells (CD34 Although this approach was stromal cell-free, fetal bovine serum supplementation still limits its versatility. To address this, Shukla et al. (69) recently established a 'minimal thymiclike niche', combining DL4-Fc and vascular adhesion molecule-1 with cytokine supplementation. Their system allowed for directing mouse and human HSCs to the proT-cell stage. The human CD7 + proT cells isolated from this system showed thymus-seeding potential and the ability to reconstitute a functional peripheral T-cell compartment in immunodeficient mouse recipients. However, it remains to be tested whether this will also be the case in adult patients, which are the patient population that is majorly afflicted by immunodeficiency post-HSCT.
The systems described thus far demonstrate the potential for in vitro generation of T-lineage progenitor cells, with an opportunity to introduce CAR transgenes or genetic modifications in clinical-grade proT cells for therapeutic use. However, numerous disadvantages exist including the high expense and low stability of the plate-bound ligands for long-term cultures. Furthermore, the ability to attain mature human T-cell phenotypes in long-term cultures remains unclear, as none of these studies have demonstrated the generation of T-lineage cells beyond the proT-cell stage; nor do they incorporate signals that Fig. 3 . In vitro approaches for T-cell generation. Signaling through the receptor Notch, which engages delta-like ligands (DLLs), is pivotal for proT-cell generation. DLLs can be expressed on stromal cells (A), as with the conventional OP9-DL co-culture system. Alternatively, in serumfree and stromal cell-free approaches, which are amenable for clinical translation, Notch ligands can be immobilized to polystyrene plates (B) or presented on magnetic microbeads (C) for engaging Notch on developing thymocytes. Microbeads can be extracted from the system using magnetic forces. (70) .
Producing proT cells to promote immunotherapies
Lastly, the utility of these approaches to generate proT cells for therapy may be limited because of the potential need for scale-up processing for clinical manufacture, as current systems are not as robust as the conventional OP9-DL system. New methods involving the use of small molecules such as StemRegenin (71) and UM171 (72) , which are capable of HSC expansion, may be used in combination with these T-cell generation systems for potentially limitless expansion of T-cell progenitors. The use of bioreactors to enhance the production of T-lineage cells would also aid in achieving this goal.
T-cell differentiation using soluble Notch ligands
The presentation of Notch ligand on microbeads is a unique strategy that could allow large-scale bioreactor-based suspension cultures that overcome the scalability drawbacks associated with plate-immobilization approaches (Fig. 3C) . In one study, superparamagnetic polystyrene beads were functionalized with DL4 (73). The prospect was exciting given that the magnetic nature of the bead facilitates easy retrieval of T cells, eliminating the difficulties involved with obtaining a pure population. Some mouse proT cells were successfully generated from BM HSCs. Furthermore, comparison to co-culture of BM HSCs with OP9-DL cells directly or indirectly using Transwell inserts, which allow soluble factors through but can prevent direct cell-cell contact, revealed that although the presence of stromal cells was required, contact between stem cells and stromal cells was not required. Therefore, it is likely that soluble growth factors or exosomes secreted by stromal cells were needed to support differentiation (73) , and these factors may complement current protocols using functionalized DL4.
It is important to note that cultures with DL4 functionalized beads gave rise to CD19 + B cells in this study. As such, it is possible that these B cells emerged from the inaccessibility of some HSCs to the Notch signals because of an uneven distribution of the beads, or that this finding is consistent with the fact that soluble Notch ligands are inhibitory towards T-lineage fate (63) . These types of studies have yet to be performed using human CD34 + cells. Nevertheless, the results demonstrate the prospect of DL4 bead-based systems for the generation of T cells from progenitor cell populations. The ability to scale up these approaches in bioreactor suspension cultures and applying them to human HSCs will greatly increase the likelihood of developing a true 'off-the-shelf' T-cell therapy.
Looking forward: pluripotent stem cells for the generation of T-cell therapies
Given the relative scarcity of antigen-specific T cells that can be isolated from a host, and the inherent variability between patients, the development of cellular therapeutics from functionally validated, banked, histocompatible cell types would allow for universal applicability and reduced cost of adoptive T-cell therapies. Pluripotent stem cells (PSCs), including embryonic stem cells (ESCs) and induced PSCs (iPSCs), can serve as a renewable supply of therapeutic antigen-specific T lymphocytes with several functionalities including cytotoxic, helper and regulatory function, and can be either TCRαβ + or TCRγδ + . Furthermore, the PSC platform enables the use of additional engineering strategies intended to enhance the therapeutic potential of induced T cells.
Many groups have demonstrated that T lymphocytes can be generated from human ESCs and iPSCs in vitro (74) (75) (76) (77) (78) . However, this process is inefficient, producing low T-cell yields. Efforts to study the niche signals and regulatory mechanisms that direct human PSCs towards an HSC fate will greatly facilitate the advance of this technique for clinical applications (7) .
Mouse PSC protocols have been optimized for the timed addition of Flt3L and IL-7, which are critical factors for inducing a T-lineage fate, and these methods enabled the generation of functional CD8 + cells in vitro (79) . In vitro differentiation of human PSCs to mature T cells has been more difficult. A combination of initial culture on OP9 cells, followed by in vivo differentiation within human thymus tissue grafted in immunodeficient mice, allowed ESCs to fully differentiate into mature T cells in one study (80) . Insights from this and other studies have revealed that PSC-derived HSClike cells have a strong natural killer (NK) cell bias at the expense of T-cell development, as compared with CD34 + cells from UCB (81) . Further studies using human ESC cultures on OP9 cells revealed that the CD34 + CD43 lo fraction formed hematopoietic zones and, when transferred to OP9-DL cultures, generated functionally mature TCRαβ and TCRγδ T cells (77) . Kennedy et al. (74) defined a differentiation strategy in which human iPSCs could be directed towards a definitive HSC-like cell capable of T-cell differentiation on OP9-DL4 cells. In this study, inhibition of the Activin/Nodal pathway using SB431542 and stimulation of the Wnt pathway during mesoderm specification produced CD34 +
CD43
-cells with an enhanced capacity to generate definitive proT2 cells (74) . Additionally, iPSC-derived T cells displayed a broad TCR repertoire (82) .
The differentiation of PSCs to T cells provides an opportunity to exploit current methodologies to achieve three critical goals of immunotherapy: antigen specificity, effector function and broad histocompatibility.
Antigen specificity
Antigen specificity is mediated by the TCR. One of the difficulties with direct translation of ESCs and iPSCs is that their TCRα and β loci exist in germline configuration, therefore allowing for random VDJ rearrangements for the generation of a polyclonal T-cell repertoire with undefined specificity and HLA restriction. One approach to circumvent this issue involves rendering T cells with known specificity into the PSC fate, for later re-differentiation back into T cells (75, 78, 83) . This approach would be difficult to implement, as it is reliant on the availability of suitable antigen-specific and HLArestricted T cells for prospective recipients.
Therefore, another strategy is to genetically engineer cells to express a receptor with a known specificity. Themeli et al. (76) demonstrated that T cells could be programmed to iPSCs and forced to express a CD19-targeted CAR (CAR-TiPSC), which was a useful way to harness both the unlimited proliferative potential of iPSCs and the antigen specificity of iPSCderived T cells. Adoptive transfer of these CAR-TiPSCs into immunodeficient mice transplanted with a CD19 + lymphoma graft revealed remarkable anti-tumor activity when compared with mice receiving no treatment. The use of a CAR, rather than a TCR, allowed for enhanced potency in their approach.
Effector function
The effector function of T-lineage cells is determined during their development and differentiation (Fig. 1) . The critical developmental decision that is made by T cells as they develop within the thymus is whether to rearrange an αβ or a γδ TCR. PSC-derived progenitors largely seem to follow these steps during in vitro differentiation towards the T lineage, as αβ T cells reprogrammed into TiPSCs (T-cell-derived iPSCs) give rise to αβ-expressing T cells upon re-differentiation. However, these cells possessed unique differences compared with conventional αβ T cells (83) . On the basis of microarray gene analyses, in vitro-generated CAR-TiPSC-T cells behaved like innate γδ T cells, despite possessing an endogenous αβ-TCR (76) . When tested in a tumorigenic context, these cells generated functional responses that were comparable to γδ T cells emerging from the same donor and transduced with the same CAR.
Similarly, Saito et al. reprogrammed TILs into iPSCs and then subsequently used them as an unlimited source to generate autologous tumor-specific polyclonal T cells for cancer immunotherapy. This study provided a proof-of-concept approach for overcoming many of the limitations of current TIL approaches including poor T-cell survival following infusion into patients, and terminal differentiation of exhausted effector cells with functional impairments (84) . Taken together, these studies indicate that some critical differences exist between conventional T cells and T cells that are generated from T-reprogrammed iPSCs.
Interestingly, in another study performed by Maeda et al. (83) With respect to functionality, in vivo persistence and sustained functionality of PSC-derived T cells will be critically important to assess. There is little data on the functionality of ESC-derived or iPSC-derived T cells in vitro or upon adoptive transfer in vivo. Given that TCR rearrangements are random, the feasibility of studying antigen-specific expansion and function of PSC-T cells has been limited. Only in vitro assays showing IFN-γ production and target cell lysis have been reported, although these experiments were done using nonspecific stimulations (75, 77) . These studies provide limited proof of principle showing that human PSC-derived T lymphocytes generated in vitro possess functional capacity through cytokine secretion and anti-tumor function. Further studies will better define the in vivo capabilities of PSC-derived T cells.
Histocompatibility
Immune rejection of non-histocompatible T cells may limit their efficacy, highlighting the requirement for sufficient persistence and long-term engraftment for a T-cell immunotherapy product. Groups have tried to circumvent this issue by banking cells with common HLA haplotypes, including T cells with specific reactivities (85, 86) . Nevertheless, the widespread implementation of this approach is limited by donor availability. Consequently, iPSC or ESC banks provide a valuable step towards broader applicability (87) . The challenge with establishing PSC lines is again constrained by the need to generate lines from multiple donors. For applicability towards specific disease contexts, there is a further need to identify or target T cells towards particular specificities and HLA restrictions. With a lot of genetic manipulation to be performed, perhaps most importantly, the need to perform extensive safety studies for PSC-derived sources precludes their implementation in the clinic.
An alternative approach to banking lines with common HLA haplotypes could be to genetically target HLA genes towards generation of histocompatible cell products (88) . While targeting multiple HLA loci may be feasible, the high technical manipulation of cell products will raise the bar for biosafety considerations and regulations. Furthermore, HLA engineering may be easier to perform in PSCs rather than primary T cells (88) , which is particularly problematic given the low efficiency of generating T cells from PSC lines. An important biological consideration for targeting HLA loci would be that NK cells have increased recognition, and therefore rejection, of cells lacking HLA class I on their cell surface. To this end, additionally engineering cells to overexpress various classes of type 1 HLA alleles has been proposed as a mechanism to confer NK cell resistance (88, 89) .
Conclusions and Perspectives
T-cell immunotherapy is becoming a promising approach to combat a variety of conditions including infectious diseases and cancer. TILs were among the first T cells to demonstrate therapeutic potential. Newly emerging synthetic engineering approaches have enabled the generation of CAR T cells, which have increased specificity for target antigen and enhanced immune potency compared with previous strategies. Histocompatibility barriers and GVHD are two major hurdles that must be overcome for generation of a broadly applicable, universal T-cell immunotherapy. The development of clinically relevant systems for the generation of large numbers of proT cells will be critical for overcoming these challenges. Finally, while there is excitement surrounding the use
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of PSC-derived immune cells for therapies, the generation of T cells from PSCs remains difficult. Rigorous testing will be imperative for demonstrating the safety and benefit of PSCderived T cells prior to clinical implementation.
